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ABSTRACT

This document is intended to acquaint users of the Goddard Trajec-
tory Determination System (GTDS) Solar/Lunar/Planetary (SLP)
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SECTION 1

INTRODUCTION

Using a Jet Propulsion Laboratory (JPL) planetary ephemeris tape as a data
source, the Goddard Trajectory Determination System (GTDS) has the capability
of generating Solar/Lunar/Planetary (SLP) ephemeris files which contain data
in the form of Chebyshev polynomial coefficients.

The current JPL Export Ephemeris (DE-19) contains the most accurate predic-

tions (in terms of 2 long-span time interval) of lunar and planetary motion avail-
able for the time interval from December 30, 1949 to January 5, 2000, It con-
sists of three tapes which collectively span the interval as follows:

e December 30, 1949 to December 29, 1969
e November 19, 1969 to February 22, 1984
e January 13, 1984 to January 5, 2000,

Depending upon the particular body represented, the stepsize for the ephemeris
data contained on these tapes is either 1/2 day, 2 days, or 4 days. This tabular
ephemeris data can be used directly via use of the JPL software which provides
interpolated values of position and velocity vectors of any requested set of bodies
relative to any requested central body. (A more detailed description of the JPL
Ephemeris Tape System is given in Appendix A.)

However, more efficient use of the tabular data is provided by the GTDS file
generation procedure by utilizing Chebyshev polynomial curve-fitting techniques
and by allowing the SLP ephemeris representation of concern to be given in terms
of long arc lengths in the neighborhood of a month., The corresponding degree

of the polynomial fit is chosen sufficiently high so as to maintain accuracy com-
parable with that of the JPL data. The improved efficiency is provided in terms
of reducing the computational time required for the various calculations and
transformations which may be required for use by GTDS as described in Section
2.1,
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SECTION 2

GTDS SLP EPHEMERIS FILE GENERATION

2.1 PURPOSE

A SLP ephemeris file in GTDS contains data in the form of Chebyshev polynomial
coefficients. Use of these data (as opposed to the direct use of JPL data) re-
duces the computational time required for the following calculations and
transformations: '

a. The calculation of the positions and velocities of planetary bodies.

b. The calculation of the equation of _the equinox and the A.1 to UT1 time
conversion for the Greenwich Hour Angle,

c. The transformation from (or to) the mean equator and equinox of
1950.0 to (or from) a true equator and equinox system.

d. The transformation from selenocentric to selenographic coordinates.

The above calculations are required for the non-analytic orbit generators and
for the calculation of observations, while the transformations may be achieved
for the same purposes if the need exists. The calculations and transformations
are achieved by evaluating the ephemeris polynomials. The expression for the
polynomials is given by:

n t- tm i-1
xo- 2 )
where
X (t) = the desired vector, equation, or matrix to be solved (matrices are
used in transformation computations)
k; = the ephemeris polynomial coefficients
t = the time in seconds from the beginning of the ephemeris year
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t, = the time in seconds from the beginning of the ephemeris year to
the midpoint of the curve-fit interval
n = degree of the polynomial plus one

Details pertinent to the calculations and transformations given byb., c., and d. may
be found in the document GODDARD TRAJECTORY DETERMINATION SUB-
SYSTEM MATHEMATICAL SPECIFICATIONS (March, 1972).

2,2 DISCUSSION OF GENERATION PROCEDURE

The generation of a SLP ephemeris file in GTDS is an operation performed by
the Data Management Program which primarily is responsible for generating
working files of data to be used immediately by other programs in the system.
The Data Management Program may also operate as a stand-alone program
whereby files may be created for future use. The generation of a SLP ephemeris
file is initiated via the Data Management Program's testing of switches which
determines the data management operations to be performed, A determination
is then made as to which of the following three operations relating to SLP ephem-
eris file generation is to be performed:

1. Generate a SLP ephemeris tape file from a JPL ephemeris tape.

2. Generate a SLP ephemeris disk file from a JPL ephemeris tape.

3. Generate a SLP ephemeris disk file from a SLP ephemeris tape.
The creation of any one of these files is initiated through the use of the following
SLP option parameters which are stored in labeled common as a result of being
specified via card input:

1. The starting date of the file.

2. The number of data records to be created.

3. The bodies represented in the file.

4, The degree of the coordinate transformation curve-fits,

5. The degree of the curve-fit of the ephemeris of the fast moving body.

6. The degree of the curve-fit of the ephemeris of the slow moving bodies.
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7. The number of days represented by the curve-fits,
8. The coordinate system reference, i.e., 1950.0 or true-of-date. -

The fast moving body is the non-central body whose rate of change in position
around the central body is greater than the other non-central bodies, i.e., slow
moving bodies, requiring a greater degree for the polynomial coefficients for
the position coordinates.,

In generation operations 1 and 2, a direct application of the curve-fitting tech-
nique in generating a SLP ephemeris file is made, . The operations begin with
the writing of the SLP ephemeris tape or disk file header record reflecting the
values of the SLP option parameters that are stored in labeled common.

Curve-Fitting with Chebyshev Polynomials

An initial call to the SLP ephemeris generation control subroutine SLPEPH is
made to initialize quantities necessary in the curve-fitting process and to com-
pute the time arrays for a later call to SLPEPH. Subsequently, calls are made
to subroutine CHEBY which houses or treats the following basic formulation of
the Chebyshev polynomial curve-fitting technique:

Chebyshev polynomials of degree m are defined by
Tm (x) = cos (m arc cos X), 2)
for
xin [-1, 1].
The first and second Chebyshev polynomials are
Ty (x) = land T, (x) = x. 3)

Other Chebyshev polynomials are readily obtained by using the recurrence
relation

Tmey (O = 2xT, )-T,_; () | - 4

Using equations (3) and (4) a Chebyshev series of degree m could be constructed
in the form: :

Ym (x) = o T0 (x)+c1 Tl (x)+...+cm Tm (x) (5)
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Suppose that n points (t1, ¥1)s ¢ses (ty, ¥n) lying in some interval [a, b] are
given and we wish to find a curve approximating these points which is of the form
of equation (5). The points must first be changed to the set of points x;, (i =1,
2, ..., n), for which the Chebyshev polynomials are defined by using the
transformation ‘

2t, - (a +b)
Xj = ———— (6)

b-a
Applying the least squares criterion at this point maintains that the expression
n m 2

i=1 j=0

should be aminimum, To find the minimum, partial derivatives are taken with
respect to the c; , obtaining the system of simultaneous equations

— =0, j=0,1,...,m (8)

which can be written in the following matrix notation:

(T] [C] = [P],
where
T2 (x,) T Ty () Ty () - Ty (x) Ty (%) |
ST, (x) T, (x) ZT?(xp) L ZT () T (%)

(T) = : : ,

| 5T, )Ty () =T, )T, (%), - 2 T2, (x))

n
where Z signifies )
i=1
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ey | T2y Ty (xp 7]
c; Zy; T, (xp)
(Cl =1} - and [P] =

The need to solve simultaneous equations can be eliminated by taking advantage
of the following property of the orthogonal Chebyshev polynomials: '

If k and £ are non-negative integers and are not both zero then,

0, fork # ¢ (10)

m+ 1
Y T XD Te(®) =< (m+ /2, fork = 2+ 0 (11

i=1
m+1, fork =2=0 (12)

where
Qi-Dw .

X; i=1,2...,m+l (13)

i = cosm’l =

The use of these nodal points yield the classical Chebyshev polynomials, and we
have as opposed to relation (7),

m+ 1 ‘m
S = Z V- Z cj Tj (T(i) (14)
i=1 ji=0 :

. in this instance results in the

Taking partial derivatives with respect to the ¢;

diagonalization of [T], Thus we have

[D] [C] = [R] or (15)
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~ _ 1 r b T ]
TT2(x) O ... 0 cy Zy; T, (%)
0 =T¥(x)...: O ¢, 2§ T, (X)
0 0 T2 (%) | | Cm 2y, T, &)
_ L - L J
m+ 1
where here, I signifies 3 .
i=1

Thus, we can now readily compute a value for each coefficient Cj,

m+ 1
Z OHT®E
i=1 = 0.1
] m+1 » J = UL, o..,m (16)
> sz(i,)
i=
Using relations (11) and (12), we obtain
5 m+ 1
G == .Zl Vi TR, i # 0, (17)
l:
and
1 m+ 1
% =T Z Vi Tj (x), i=0. (18)
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Having determined the coefficients c;, the Chebyshev expansion of degree m for
Y., (X) has been completely determined: -

m
n® = §T®. (19)
i=0

At this point, S—(m (X) has been expressed as a Chebyshev series in the interval
(-1, 1). The Chebyshev series may be converted to its equivalent power series
in (-1, 1), and this series in turn may be scaled to the interval (a, b) by using
the transformation

_(b-a)x + b+a'

t 3 3 (20)
The resulting power series may be written in the form
m+ 1 ‘
Y, ()= > At , (21)
i=1
where the A;'s are dii'ectly obtained from the cj's as follows:
A= iEaik, i=1,2,...,m+1
k=j+1=12,... (22)
i+2(k-1) <m+1
where
ag = CDK ey, k=j+1,2,... (23)
2k-1 < m+1
a, = 27¢, i=23...,m+l | (24)
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and

A = Ciyg (k-1) L23io), k ~ 3, k-1 1>
i=2,3...
(25)
k=j+1=23,.

i+2k-1) <m+1.

Application in Creating a SLP File

Given:

m — degree of polynomial to be fit

¥ — array of JPL ephemeris data points (m + 1 components of nutation,
position, or velocity)

% — array of times in the interval (-1, 1) that are used to get the data
points

[ These times are a function of m and are computed using equation (13).]

cos(2i- 1w

X e 1T b2emtl 13)

The coeificients (¢gy, Cys <.+, €y ) are computed first using equations (17) and
(18).

{ m+1
G =57 '21 Vi To (%), § # 0; (17
1:
and
) m+ 1
¢ = 1 Z ¥; Tj (%)), j.= 0. (18)

2-8



The expanded Chebyshev series

m

> T ®
i=0

is then converted to its equivalent power series, which in turn is scaled from
the interval (-1, 1) to the interval (a, b) taking the form

m+ 1 '
Y, = 2 A, -ty (26)

i=1

where

t. is the time at the center of the fit

t,_, is within the limits of the fit

| b-a | = length of fit and a and b are the minimum and maximum values
that (tj.; - t;) can assume

A;'s are the various polynomial coefficients resulting from the calls to

CHEBY
Since | t - t. | < 1/2 length of the fit,
- 1/2 length of fit < t-t, < 1/2 length of fit
NI Nt
a | b
These limits are constant during the entire time span.,
The remaining subroutines and functions that are used in the generation proce-

dure are given in Appendix B, and the overall flow of the procedure is provided
by Appendix C. -



SECTION 3

PROCEDURE FOR USING THE SLP FILE |

3.1 INTRODUCTION

The SLP file contains the polynomial coefficients for the position and velocity

coordinates of the fast moving body and the position coordinates for one to seven

slow moving bodies. The header record of the file contains:

8'

Day of the first record on the ephemeris file.

The year of the ephemeris file.

The number of records (days) on the ephemeris file.
The bodies represented in the file;

a., central body
b. fast moving body

c. one to seven slow moving bodies.

The degrees of the polynomials for

‘a. rotation matrix (matrices)

b. fast moving body position
c. fast moving body velocity

d. slow moving body position,
The number of days per curve-fit,

The coordinate reference indicator for the SLP ephemeris (1950.0 or
true-of-date coordinate system).

The number of bodies to be processed for the SLP ephemeris.

The remaining records on the SLP file contain:

1.

The time in seconds from the start of the year of the SLP file to the
midpoint of the day of the year of the SLP file.
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8.

The polynomial coefficients for the position coordinates of the fast
moving body.

The polynomial coefficients for the velocity coordinates of the fast
moving body.

The polynomial coefficients for the position coordinates of the slow
moving body.

The polynomial coefficients for the selenocentric to selenographic
transformation matrix.

The polynomial coefficients for the 1950.0 to true-of-date transforma-
tion matrix,

The polynomial coefficients for DELTA H (calculation b, of Section
2.1).

The day of the record.

The SLP ephemeris file is created by the program CREATES,

The program will read the JPL DE-19 direct access ephemeris tape, compute
the polynomial coefficients and write them onto the SLP ephemeris file.

3.2 JCL REQUIREMENTS

1.

// EXEC PGM=CREATE3, REGION=250K

This step will retrieve the program to generate the SLP file.

//STEPLIB DD DSN = TESTLOD, UNIT=2321,
// VOL = SER = RTAC, DISP = SHR

This step locates the program within the system.

//FT05F001 DD *

File 5 will contain the input data cards describing the generation of
the SLP file,

//FT06F001 DD SYSOUT = A

File 6 is used by the system for printer output.
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5, //FT14F001 DD DSN'= XXX, UNIT = DISK,
// DISP=(NEW,PASS), SPACE = (CYL, (4, 1))

<

File 14 is used only when a SLP file is to be created on disk.

6. //FT33F001 DD UNIT = 9TRACK,
// DCB = (RECFM=VS, BLKSIZE = 3460), LABEL=(1, BLP)

File 33 is used only when a SLP file is to be created on tape:

7. //FT34F001 DD UNIT = 2400-9,
// LABEL = (, BLP,, IN), VOL = SER = ABC,
// DISP = OLD, DCB = (RECFM=VS, LRECL = 8304,

// BLKSIZE = 8308, DEN = 2)
File 34 describes the input DE-19 JPL ephemeris tape.

8. //FT60F001 DD DSN = GTDS .ODS. ACCOUNT,
// DISP = SHR, UNIT = 2314, VOL=SER-G1USR1

File 60 contains the accounting information for the GTDS system,

3.3 INPUT REQUIREMENTS

To generate the SLP file a DE-19 JPL ephemeris tape and input data cards are
necessary, The JPL tape is described by file 34 and the input data cards by
file 5, The data is input through NAMELIST, -
The format of the input cards is:
SLPEPHEM
&SLPDAT
Option cards as described on the next page
&END
FIN



DATA FOR SLP EPHEMERIS FILES
CARD TYPE FORMAT
I. DATA &SLPDAT NAMELIST
IOPER Operation to be performed
= 3 create SLP disk file from SLP tape

= 4 create SLP tape from JPL tape
= 6 create SLP disk from JPL tape

SLPYMD UTC Calendar date of start of file
(YYMMDD.,)
ISPAN Number of data records to be created

(Default = 1, maximum of 11 on disk file)

NBEPM(]),I-1,9 Body numbers of bodies represented in the
file (default = Earth, Moon, Sun, NDEGRE (1)=1
NBEPM (2) = 2, NBEPM (3)=3)

I=1 central body
=2 fast body
=3,9 slow bodies

The valid NBEPM settings are:

=1 for Earth =6 for Saturn =11 for Venus
=2 for Moon =7 for Uranus

=3 for Sun =8 for Neptune

=4 for Mars =9 for Pluto

=5 for Jupiter =10 for Mercury

NDEGRE(),I=1,4 degrees of curve-fits (Defaults;
NDEGRE (1)=4, NDEGRE (2)=8, NDEGRE(3)=4), NDEGRE (4)=8

I=1 degree of coordinate transformation matrices
fit (also used for GHA correction term for
A.1 to UT1)

I= degree of position fit for NBEPM(2) (fast body)
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NCFDAY

ISLP50

degree of velocity fit for NBEPM(2) (fast body)

degree of position fit for NBEPM(3), «..,
NBEPM(9) (slow bodies)

Number of days represented by each curve-
fit (Default=1)

Reference of SLP coordinate system
(Default=1)

=1 for 1950.0
=2 for true-of-date

&END

Note: The JCL requirements for the SLP data sets are:

IOPER

3
4
6

where:

FT14F001
FT33F001
FT34F001

FORTRAN data sets used

FT14F001, FT33F001
FT33F001, FT34F001
FT14F001, FT34F001

Defines the SLP ephemeris disk file
Defines the SLP ephemeris tape file
Defines the JPL ephemeris tape file

An example of the use of CREATE3 in generating a SLP ephemeris disk file is

given on the next page.
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Z/CMIRTSL3 JNR (OGN 181211HeT eG4 25,91 073),CCC
77 EXEC PGUTCREATEI HEGINN=25GK

Z/STEPLIB DD DSM=STESTLUL,UMIT=2221,VOL=SER=RTAC DI SP=SHR

//7FTGSFCOY OD *
Z/7FTO6FCNAL DD SYSOUT=A

//7FT13FOC1 DD DSN=GTDS«COSERRURYMEGsUNIT=2314 4DISP=SHR +VOL=SER=G1USRI]
Z/7FTIAF2C1 DD USNZENEWSLP UNITZDISK DI SP=(NLEWiPASS) 4SPACE=(TRK,(1041))
//FT34F00T OD UNIT=2429=9 ¢LAEFL=(+BLPs+IN) s VOL=SER=33912D,0ISP=0L0»

/7 OCB={ PECFIM=VS,LRECL=R304 ,BLK3[LE=83C8,2EN=2)

/7/FTOOFOC]1 DD DSN=GTCSeODSeACCIUNT oD ISP=SHRIUNIT=2314,VOL=SER=GIUSR1

“L/NUCLEUS DD DISP=SHO UNI 1=SYSDA s VOL=REF=5YS51.SVCLIB"
TEF2361 ALLOCe FCR CMIOGTEL2

T1EF2371 2E3/9 ALLOCATED TO STEPLIZ

1EF2371 231 ALLOCATED TO FTOSF291

1EF2371 334 ALLOCATED TO FTCEFOD]

IEF2371 142 ALLOCATED TO FTI3F001

CIEF237T 324 ALLOCATED 10 FTlaFO1 Tt
tEF2371 ¢C2 ALLOCATED TO FY3aF)))

1EF2371 142 ALLOCATED YO FT69F213)

TEF2371 1CC ALLUCATED TGO NUCLEUS

—- - GTDS RUN NUMBER 1S 1873

—STAPTING ADCRESS OF MAIN IS 2376962

COMPUTEP LIDENTIFICATICN

1¢ G2

- - JOB LTOENY IFICATICN IS CMIDTSLI

———~ — CURRENT T IME IS P3C2 2, 1972

—CSLPDAT

18P AN=
- MDEGRE=™ -
6TC523.

~EEND -

-1 1sNBEPM= .

— 8,

¢0NCH 7000

B
+NBSLF =

‘. PAGE

47¢95C00 A3 O - ) - - - RS e e R

4 I= As 26 GUAY,

2, * 3 : Os S Co O O
LX) B «NCFDAY= 1+ ISLPSCE - - 1+ IOFER®"
3,10AY1l = 143,0u= 26396 33,500437654 » JIYEAR= 1967

-G SLPYMD= - ———= -



SECTION 4
THE USE OF THE SLP FILE
BY THE STAND-ALONE SUBROUTINE SUNRD
Once the SLP ephemeris file is created, the stand-alone subroutine SUNRD will
read the polynomial coefficients for the position coordinates of the bodies in the

SLP file and compute the position vectors for the bodies requested through the
calling sequence of SUNRD.

Input Requirements

SUNRD requires an SLP file containing the bodies for which position vectors are
requested, the Julian date, the number of the bodies requested, and the real
function DJUL to execute.

SLP Ephemeris File

The SLP file to be read by SUNRD is described by file 14 as follows:

//GO.FT14F001 DD DSN = XXXX, UNIT = DISK,
// DISP=SHR,VOL=SER=XXXX

If the SLP file was temporarily created for the particular run, the DISP param-
eter is changed to DISP = (NEW, DELETE),

When SUNRD reads the SLP ephemeris file, it stores the parameters from the
file into labelled COMMON, from SUNRD stores the header recorder into
COMMON /SLPOPT/ and the remaining records in COMMON/SLPREC/. The
only variables used by SUNRD from the SLP file are:

a. IDAY1 = The day of the first record on the ephemeris file

b. IYEAR The year of the start of the ephemeris file

c. NBEPM

The central body, fast and slow moving bodies for the
polynomial coefficients

d. NDEGRE(2)

The degree of the fast moving body's position



e. NDEGRE(4)

f. NCFDAY =
g. NBSLP =
h, TSEC =
i. PPOLY1 =
j. PPOLY2 =
k. IDAY =

The degree of the slow moving bodies' position

The number of days per curve-fit

The number of bodies processed for the SLP file,

The time in seconds from the start of the year re-
quested to the midpoint of the day

The polynomial coefficients for the position coordinates

of the fast moving body

The polynomial coefficients for the position coordinates

of the slow moving bodies

The day of this particular record.

THE CALLING SEQUENCE

CALL SUNRD (DATE,NB,POSVEC,IERR)

INPUT

FORTRAN
NAME

DATE

DIME NSION

1

DESCRIPTION

Julian date for which the position vectors are

to be computed

The number of the bodies requested.
NB(1) = central body
NB(2) = fast moving body
NB(3)-NB(9) = slow moving bodies
The bodies are represented by the following

numbers:
1 = earth
2 = moon
= sun
4 = mars
5 = jupiter
6 = saturn

4-2

7 = uranus
8 = neptune
9 = pluto
10 = mercury
11 = venus



OUTPUT

FORTRAN
NAME DIME NSION
POSVEC 3, 8
IERR 1

DESCRIPTION

Position vectors for the bodies requested

Error indicator
0 = no error

1 =1/0 error
2 = error in specifying the central or fast
body

3 = non-central body not in the SLP file

When an error is encountered a message will be written and the corresponding
error number will be transmitted through the IERR parameter. If no error is
encountered, the number 0 is transmitted.

DJUL

The real function DJUL is used to compute the modified* Julian date of a given

Gregorian date after 1950.0.

The following seven pages consist of a listing and flowchart of SUNRD and a

listing of DJUL.,

*Modified Julian Date = Julian Date - 2430000.
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s C
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e i e e e Gre e CCMMON HLECK INFCRMATICN USED IATERMALLY oo o cm—ee —
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el s N IDAYL =~ CAY OF FIRST KECCRD CN EPFEMERIS FILE - - mnom - e
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— e € = « - - - NBEPM = EODIES FCR PCLYNCNMIAL CCEFFICIENTS - - . —_ —_
c NOEFM(1) « CHEATRAL ECCY
e I - - NOEFM(2) + FAST NOVING E0OBY - ——— e i
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c NCFDAY -~ NUMBER OF CAYS PER CURVE FIT
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-—— - - - C - - TSEC ~--= TIME IN SECCNCS FRCM START OF -THIS YEAR — —moomrs oo ——
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c MCVING BCDY
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IMPLICIT REAL®3 (A=Ho0=2) - o - o o om

T SO ,
LOGICAL FIRST . : _ T . R _
CUMMEN/SLPCRT/ DJ - - oI1CAYL - o IYEAR ooy 15 PAN~«4~1NBEPH(9lwr—mhfw——fw-—vww'muvim—?éwﬁ
. NCEGRE(a) oNCFDAY o ISLP30 - ¢NHSLP o : S :
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UIMENSICA EFTIVE(20),RB(3.6) +FCSVEC( 248) .Na(s) ’

I S 01711 £-1 CRER o v y
DATA lDFkEvl—Q99G9999/ oF IRST/ oTRUE o/ WNWSLP/14/ . e
DATA TOL /1.9D=30/ . . : e [ SRR, e e s e _-,...‘.._..._._...._..A.A...._,..ﬂ..__..____:,-____'_._
DEFINE FILE 14(100,1127,Us1AV) ' : . ’
IERR = ¢ B L T -
1S THIS ThE FlRS?-ENTRV—fNTCuSUNHﬁ»----NC—ww%w——yuu. S
IF (eNOTe FIPST) GC TO 2 o --o oo oo SR —_ .

READ ©PHEMEIRIS HEADER REAC AND STCHE. IN.COMMON/SLPOPTZ... . - ——
READ(NWELF 11 ,ESR=B00) - - - -~ - 1CAYL, IYEAR, -ISPAN-NBEAK ¢ o oo —

#NDFGREs NCEDAY, 1SLP50 o NHSLP : - : e

First =,.FALSF.
Y = OFLCAT (1VEAF - (IYEAR/100) ¢ 100 ) _ ' o
- ccnsynnr Al -UTC OFFSET FCR 1957

: . ‘ © e e i e e . n o r—— e et o e e o g e
ALUTC = £.66252€00 -
BIULLE= fJLL(Y.l.CO.l'D0.0.D0.0.E0.0.CO)O’A’JOO0.0DJ

IS CAY IN SAME lhTFRVAL AS PRIVICUS CAY
V=(CATE =DJLLE)#BE400.000 + AILTC .
TRAaYR = ICINT(T 7/ H540040D0) ¢ 8 - it e e 2 e e . -
IF _(IDAYR «GEe IDPREV ¢ANDe [CAYR oLT. ( ICPREV 4NCFEAY)) GO TO 2 _ .
CIREC = ((IDAYR = 1EAYL)-/ NCFCAY) 4.2 - o o ooo

READ EPHEIMERIS CCEFFICIENTS - . .. ,vu..,Q_,“
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IDPREV = IDAY : .

EPTIMECL) = ((T = TSEC) /- 86400+0C0)- - - - S
WAX = MAXO (NDEGRE(2)ADEGRE(4)) - R

SDI A ] = 2.MAX - - S e e . . — o

EPTIMC(I) = EPTINE(L) ® EPTINE(I-1) ¢!

IF(DAHS(FPT{M!: (.l PVl FeTALY-EFTIME()=0+0C0 ~m-m e e
CANTINLE

IF (NB(1) sE Qe0esOReNB(2) e EGeOP-GC TO 930+ - = oo i o

. NBCENT= §§c99‘§99 ) : .
NAR = 0 - ~-- et e e e e e e i e ke caen er e e e m e - i
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ISN cO023e K =0 - e $ e s o
ISN €025 1cC 1 =1 + 1
ISN €049 IF(1+FQs10) GO TC 29) - e < i e i s e S
ISN CCa?2 IF(NB(I)EQe0) GC TC 209
ISN €044 NAR 2 NAF 4 1 - e
ISN C04E8 DO 150 J=1,NISLF .
ISN CC4a5 IF(NB(I)+ECoeNBEFNM(J)) GO TO 17% - e i e e
ISN €049 15C CONTINLE
-ISN €CA9 - - - G TC <30- o et e s e e i e o e - ——-
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- — N - . e T AU OV SR SO Vs ' 7 1y 1 Y- = ¥ - SO ORURU
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ISN CCEE€ “DO 260 J=1.MAR - B e e
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CONTINLE
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WRITE(E91400)-~ ~~ -
fERR = 1 .
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LEVEL 201

(AI.G 7]'

COMPILI'.R GPTIONS = RNAVNE=

CS/360° FCRTHAN H - = o cmoe oo e om o e

,

e -DATE .. 720F39/1 7081030 ¢

NAIN, OPT=01 oy LINECNT=35345 I2ZE=C0O00Ky -
‘UUPCE +EECDI C»NDLIQT vNCD‘Cl oLCACsMAPsNOECIT, an XREF

J SO P C*-'-- . U U 3 | W
ISN - cooz REAL FUNCTICA DJULtS(V.xw.D.rn.Tv. c» LNV R 1
o e ¢ - - U U S o VORRPRRNSRINY o TV 1V ISP | J—
c .....0........‘..Q...!i.....l.l."'l...0..'0..0.........!....O‘....DJLL 3
. ——e P = [ [PPSR o JU 1 V7 WS SO
4 VERSICN CF 2/30/71 LRITH 5
— 'c~-—~»--mA- FORTRAN FUNCTICN SUBPRCGRAM- -_ DINIVE &
: .C ) : DJUL 7
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c . : pDJLL 11
C- EGAGE - e e meiemasme o el e e BItt—12
c REAL FUNCTICN DJUL(Y.XF.D.HR-TN-SEC) DJLL 13
e e me e [ . e RS, . o - —_— DI — 14
c INPLY : . ) DJUL. 15 .
PR C X oo WEAR - cvomm v om o i e e ame T e e e e e nm s e () o Ul e § B
c XM = NCNTH ’ DJW. 17
—— e m- - - - PRI ‘D LAY - m- s e e e o - -0 Jd Ul :3
c HR = HOLRS : . DIl 19
—— e e = e € TV = MINLTIES - S e e m e e - BDJUL—20
c SEC = SECCADS pJLL 21
———— e c Lo e e o e DILL—22—
c oLTPLY - . DJuUL 23
e e € e - -DJUL = THE MODIFIED JULIAN CLATE —— — ~~ =~ DIU——240
c ) : DJUL 285
— - R R REMARKS e e DILL— 26—
C INFLT DATE uusr NCCURE AFTER 1950.3 oJu. 27
. - - . C - USRIV VPRI 5 BV ] ¥ W - §  SEpESSg:
ey - SLERCLTINES RECULIRED DJUL 2§
[RSUUN N NCAE . T s s e —- -~ BIUL—T O
C PROCGRANNMER OJUL 31
- ¢ Mo MC GARY T TR » N 1V WEE S 3
c pDJUL 32
C - ...l""...;..'........l.....'.'.'..'.".O"...""'.".""'.I""'-".ODJUL“""3“
. c pJLL 35
- ISN- 0002 —- IAPLICLT REAL®E (A=He=Z) - - = = o e oo e e e e = D J UL 36
ISN C€COa I=Y+1500.0D0 pJLL 37
- ISN €5€5 - - - JSXM - : B TRy N1V I £ B
ISN cocé < K=D ' pJyuL 39
-~ 1SN C€O0C7 -~ Fl= - - - o s e e DY - 80
1 ((HR =~ 12.0DC) * 3603.000 4+ TM % 60,0C0 ¢ SEC) 7/ ©540C.0C0 CJLL 41
—ISN-QCQCE - e DJIUL=K~32075¢1661 % ([ 0300+ (J=14)/12)/4+357R¢I-2~t=—14)7127 +EI/12-30IWL——A2
o $A((14+6G0C+(J=14)/12)/100)/74~ 26303CO DJLL a2
-— 1SN €009 - - - -DJUL = DILL ¢+ FR - - - B » ¥ L Fl Eag L
ISN cO10 RE TURN ' . DJUL &S
-~ 1SN CO1t - END - - oo = e S e e e S L



The following is an example of a DRIVER for SUNRD. This DRIVER indicates
the bodies and date for which the position vectors are requested. After each call
the position vectors dre written out by this driver.
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LEVEL 2241 (ALG 71} . . 37160 FCRTRAN H e Ceee . e -DATE  72e339/1748245¢

- - - COMPILER CPTIAONS -~ NAME= NAINy GPT=01 L INECNT =58 ¢5 [ZES0000K ¢ corme e cmsmorenss oem
- . SCURCE ¢EECDI CoNOLIST o NCDECK 4LCAC, NAF. NOECIT, IDs XPE"‘
. —-ISN- 0008 - -- -=v — LAPLICIT REAL =E(A=H .C-Z) - - .- -

ISN 00C2 DEFINE FILE 18(2041127,U,11)
ISN CCOA - - - "DIMENSICA AB(9) JFCSVECL3,8)
ISN CCCS DO 9 J=1,% .
-~ 1SN CGCE& - - - S NB({J)=D - - - -
ISN CCC? AnS(1) = 1
——gSN COCE ~—— = - NB{2) B-€ o e e e e
ISN CCCS NH(2) = 9
~ISN 0010 . -- - - CATYE .= 247¢533,5DC -- . -
ISN 0011 CALL ‘LNFD(DATE-hu.PCSVEC.IEFn)
- ISN- 0018 - - - - WRITF(As1234)FCSVEC - - -
ISN €012 DATE = DATE + oSCO
. —1SN <¢N34& - -~ -~ - - CALL SUNRD(DATE +NB,»FGSVEC,IEFRRA)
ISN 0018 . WRITE(A,31234)FCEVEC
~ISN €O03e — -~ - - DATE = DATE ¢ «3C0 - - - - .-
ISN 6017 CALL SLhRD(DATt.hB;POSV:C.lEﬁn)
ISN 0018 WRITE(6+1228)FCEVEC - -
ISN €019 NBl1) = 1 .
- —ISN €020 - - SNB(F) =2 - R
ISN CO0Z1 N3{2) = 8
ISN c022 : N3 (& = 11 -
ISN 0022 DATE = 24733633, 5D0
-ISN 0028 .- . calLL SUNRD(DATE +NB+POSVEC,1ERR)
ISN 0528 WRITE(S . 1238)FQSVEC
- —ISM COZE - -- . CATE = GATF 4 oS5CO - -
ISN 0027 © CeLL SUNRD(DATE N8 ,POSVECe LERR)
-ISN 0028 .. WRYT.(He1233)FCEVEC
ISN 0029 DATE = UATE + oECO
IsN €G220 - - - CALL SUNRDEDATE ¢NBsPCSVEC, 1ERR)
ISN 0031 emem oo~ W TE(D e} 34V FCEVEC
~--ISN €032 - - NB(1) = &
ISN €032 N3tzZ) = 1
- ISN €024 NSC2) = 11
ISN C02¢ NR(4) = 7 .
-ISN CC2¢€ _— - NB{(E) = 2
ISN €037 DATE = £62¢633,500
1SN 0028 - - ¢ CALL-~ SUNFD(DATE.hH-Fosv=C-IEFF)
ISN €029 WKITE(E,1234)FCEVEC .
--1SN €040 : DATE = DATE + +SDO
ISN €041 ‘ CALL SURNKRD (DATE ¢NB+FCSVEC,1ERR)
ISN €042 " WRITF(HeI23A)IFCSVEC
ISN €043 DATE = DATE 4 «+S00
----- ISN €044 - =---~ * ~CALL SUNPD(DATE +NB,PCSVEC,IEFR)
ISN €045 WRITE(6+1234)FCEVEC
.. -ISN 0086 - — 1234 FOPMAT( 0% 10Xy *FCSVEC® 9/ 92X e3(/+3Xs3(5Xs017 83 )0~

ISN C0a7 RE TURN
-——ISN-CCae - o

END - ¢ e e e imee e e e o e e oo



SECTION 5
ACCURACY OF THE CHEBYSHEV REPRESENTATION
Specifying the earth as the central body, the moon as the fast moving body, and
the sun as the slow moving body, the accuracy of the Chebyshev representation
of the lunar ephemeris was examined as a function of the two SLP option param-

eters specifying:

1. The degree of the curve-fit of the Iunar ephemeris (values of 6 through
19 were used)

2. The number of days represented by the curve-fits (values of 1 through
28 were used)

Other SLP option parameters were set as shown in parenthesis:
e The degree of the coordinate transformation curve-fits (4)

e The degree of the curve-fit of the ephemeris of the slow moving
body (4)

e The coordinate system reference (1950, 0)
e The starting date of the file (720101)

The rms (673 points) errors in position for the polynomial approximations are
presented in Figure 5-1 and were obtained using

673 %
rms error = 3 (0;-Cp*) /673

i=1

where
O; = the JPL system value (not quite as accurate as 0.2 Km)
C; = the GTDS system value

The rms values represented by the graphs are the ""scaled rms" values. They
should be multiplied by 1// 673 ~ 1/25,94 to obtain the actual rms values. A
sample test run is given by Figure 5-2.
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Figure 5-1. RMS Position Error of Curve Fit as a Function of Total
Interval and Degree of Polynomial

Sample lunar position and velocity SLP file accuracies comparable to the JPL
ephemeris are given in Table 5-1, The results show that the Chebyshev repre-
sentation is indeed within the accuracy of the JPL ephemeris system for long
arc lengths of approximately 28 days when the corresponding degree of the
polynomial fit is chosen sufficiently high.
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GEND
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NOEGnE(Z2) = 19
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NCFCAY = 23
I1SLPS5C = 3
NASLP = 3
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Table 5-1

Sample Lunar Position(1) & Velocity(z) SLP File
Accuracies Comparable to the JPL Ephemeris*

A A
R R
D C D C
I(E; L RMS Error of g L RMS Error of
E Chebyshev E Chebyshev
g N Representation g N Representation
G G
E T E T
H H
skk
6 5 | 0,0721 Km() 10 | 14 | 0.1370KmD)
0.367 x 107% Km/sec? 0.140 x 10-5 Km/sec®
6 6 | 0.2063 10 | 15 | 0.2068
0.120 x 107 0.231 x 1075
7 8 | 0.1785 11 | 16 | 0.1245
0.119 x 10-5 0.121 x 105
7 9 | 0.3867 11 | 17 | 0.2126
0.259 x 1075 0.218 x 10-5
8 | 10 | 0.1699 12 | 18 | 0.1237°
0.134 x 1073 0.117 x 105
8 | 11 | 0.4076 12 | 19 | 0.2031
0.322 x 10-5 0.200 x 10-5
9 | 12 | 0.1740 13 | 21 | 0.1898
0.156 x 10~ 0.181 x 1073
9 | 13 | 0.2908 13 | 22 | 0.3340
0.279 x 107 0.327 x 1073

*Accuracy ~0.2Km,
**Arc Length is Expressed in Days.




Table 5-1 (Continued)

A A
R R
D C D C
Ié L RMS Error of g L RMS Error of
R E Chebyshev R E Chebyshev
B N Representation E N Representation
G G
E T E T
H H
14 | 22 | 0.1194Km‘ 17 | 27 | 0.1556 Km)
0.112 x 10-5 Km/sec(?) 0.180 x 10-5 Km/sec®
14 | 23 0.2179 17 | 28 | 0.2542
0.215 x 1073 1 0.295 x 1075
15 | 24 0.1509 18 | 28 | 0.1191
0.158 x 1073 0.139 x 1073
15 | 25 0.2753
0.295 x 1073
16 | 25 0.1142 19 | 28 | 0.0659
0.124 x 1075 0.669 x 107°
16 | 26 | 0.2029
0.229 x 1075
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APPENDIX A
JPL EPHEMERIS SYSTEM IN BRIEF

The data contained on the JPL DE-19 tapes which collectively span the time in-
terval from December 30, 1949 to January 1, 2000 may be represented in the

following tabular form:

t t, t
r r, r, r¢
r T, r, ry
N Ay, Ay, Ay
Ae JAY Ae, Aeg
AY Ay Ay, Mg
Aé Aé, A€, Dég
d2Q &Q, d’Q, d’Qg
a‘Q d‘Q, a*Q, a*Qs
where
r = fitted integration positions of the planets of the solar system,
the earth-moon barycenter, and the earth's moon,
r = corresponding fitted integration velocities
Ay = moon nutations in longitude
Ae = moon nutations in obliquity
AJ/ and Aé = corresponding nutation rates
d’Q = second modified differences of the above quantities
d*Q = fourth modified differences of the above quantities
to | = initial Julian date for which data are provided
te | = final Julian date for which data are provided

stepsize for lunar data, Ay and Ae = 1/2 day
stepsize for mercury data = 2 days

stepsize for all other data = 4 days



Positions and velocities are referred to the rectangular equatorial reference
frame of the mean equator and equinox of 1950,0 = Julian date (JD) 243 3282, 423,

Planetary data are heliocentric and are expressed in astronomical units (AU)
and AU/day, and lunar data are geocentric and are expressed in units called
"earth radii' and '"earth radii/day".

The lunar and planetary data were generated by a least-squares fit to source po-
sitions obtained on the basis of current planetary theories. Velocity coordinates
for the lunar ephemeris and nutation rates were computed by numerical differ-
entiation, while planet position and velocity coordinates were obtained as a nu-
merical integration fit to source positions. The uncertainty in the geocentric
position of the moon's center of mass is estimated at 150 meters, and the un-
certainty in the distance is approximately 60 meters, Modified second and fourth
differences are retained to facilitate the use of Everett's fifth-order interpolation
formula in calculating intermediate values, The truncation error bounds asso-~
ciated with the interpolation formula are given in Table A-1., Optionally, data
reduction can be achieved by curve-fitting techniques at the risk of a possible
loss in accuracy.

Table A-1

" Bound for Truncation Error
When Using Fifth-Order Everett Interpolation Formula*

Body Position Velocity
Mercury 8890.00 AU 4420,00 AU/Day
Venus 4,73 AU 0.62 AU/Day
Earth-Moon Barycenter 5.19 AU 2.50 AU/Day
Mars 6.74 AU 5.77 AU/Day
Jupiter 6.64 AU 5.72 AU/Day
Saturn 6.64 AU 5.72 AU/Day
| Uranus 6.64 AU 5.72 AU/Day
Neptune 6.64 AU 5.72 AU/Day
Pluto 6.64 AU 5.72 AU/Day
Moon 10100,00 Earth Radii | 14500,00 Earth Radii/Day
Ay 0.46 Radii 1.16 Radii/Day
Ae 0.23 Radii 0.58 Radii/Day

*All entries have been multiplied by 10!2

The above table is taken from Reference 3.
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MAIN

AMATRX

CHEBY

CMATRX‘
DELTIM
DIFF
DJUL

ENQ

ERROUT

GETTAP
INPUT1
MA3331

PAGER

READE

APPENDIX B

SUBROUTINES AND FUNCTIONS

NEEDED TO CREATE A SLP FILE FROM A JPL TAPE

identify and initiate the permanent file maintenance operations

computes transformation matrix which rotates from selenocentric
to selenographic

fits the Chebyshev polynomial of degree mn through the points F,
This polynomial is then converted to its equivalent power series

and scaled to the closed interval [XMIN, XMAX].

computes transformation matrix which rotates mean equator and
equinox of 1950, 0 to true-of-date

computes time in seconds relative to a reference date, or the
Julian date, given a packed calender date

calculates the differences between any two time points in the 20th
Century

computes modified Julian date of a given Gregorian date after
1950.0

(a) contains entry point — DEQ
(b) provides data set integrity for GTDS data sets

retrieves error messages from the permanent data base and sends
it to the printer

reads and handles DE-19 tape for READE
controls retrieval of the ephemeris data from the JPL tape
computes the product of a 3 x 3 matrix and a 3 x 1 matrix

(a) contains entry point-PAGENP
(b) provides paging control to printer

retrieves, interpolates, and translates ephemeris data from the
JPL Ephemeris Tape
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RPDATO

RYMDI

SETDAF

SETSLP

SLPEPH

SLPPF

SLPTAP

STADRO

TDIF

obtains current date from OS/360 system

separates 6-digit packed calender date into two-digit words
supplies data control block information to FORTRAN I/0 routines
reads options and initializes creation of the SLP file

controls the retrieval of the interpolated and translated JPL
ephemeris data and computes the Chebyshev polynomial coefficients

for output

(a) contains entry points;: JPLTPF & SLPTPF

(b) creates SLP ephemeris permanent file
generates SLP ephemeris tape
provides accounting information

computes time differences



APPENDIX C

OVERALL FLOW OF THE GENERATION PROCEDURE

This chart shows those routines in the CREATE3 pi'ogram which are called when
creating a SLP file. ' '

ERROUT

PAGEUP ENQ STADDO RPDATO DEQ

SETDAF

3
X
m
2
]
®
x
m
[+
[=
: g
DIFF  DELTIM o

) 7
PAGER SLPTPF SLPTAP JPLTPF SLPPF
SLPEPH
>
-
r
9
X
m
ko
m
z
-
2
\ a
TDJF DELTIM 1 l l l
DJUL INPUT1 AMATRX CMATRX . TOIF  CHEBY MA3331

READE

GETTAP
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APPENDIX D

COMMON BLOCKS ESSENTIAL TO THE GENERATION PROCEDURE

COMMON blocks used which transmit the data between the routines that create
the SLP file: ’

CETBL1

CETBL3

CETBL4

CETBLY

CHEV

CONST

FILES

INPUT

SAVE

SLPOPT

SLPREC

SWITCH

TIMCOF

XLABEL



APPENDIX E

ABBREVIATED GTDS SYSTEM USAGE OF THE SLP FILE

The COMMON BLOCKS used by the routine EVAL and the routines called by
EVAL which enable the data to be transmitted between the routines.

SUBROUTINE COMMON BLOCKS

EVAL CONST, FILES, FRC,
SATPOS, SLPOPT, SLPREC, SWITCH

ERROUT FILES, SWITCH
TDIF TIMCOFF

POLMOT TIMCOFF, SATPOS

THETAG CONST, SATPOS, SLPOPT,

SLPREC, SWITCH




[AuiC1

04S9—-VSWN

COMPUTES THE
POSITION AND
VELOCITY VECTORS,
AND THE ROTATION
MATRICES

RETRIEVES THE
APPROPRIATE ERROR
TEXT FROM THE
PERMANENT DATA
BASE AND TRANSMITS
1T TO THE PRINTER

COMPUTES THE
TIME IN SECONDS

RELATIVETOA
REFERENCE DATE, OR
THE JULIAN DATE,
GIVEN A PACKED
CALENDER DATE

COMPUTES THE
MODIFIED JULIAN
DATE OF A GIVEN
GREGORIAN DATE
AFTER 1950.0

COMPUTES THE

TIME ELAPSED COMPUTES
FROM DAY TO TIME
YMD, HMS IN DIFFERENCES
SECONDS OF

A.10RUTC

COMPUTES
MODIFIED JULIAN
DATE AND FRACTIONAL
PART OF A JULIAN
DAY IN SECONDS

COMPUTES THE
GREENWICH
HOUR ANGLE
AT TIME
T

COMPUTES THE
XAND Y
POLAR MOTION
ANGLES AT A
GIVEN DATE






